INTRODUCTION
The response of a rod in the vertebrate retina is determined not only by the light absorbed within its own outer segment but also by input from neighbouring receptors (Schwartz, 1973b (Schwartz, , 1975a Fain, 1975) . Interaction between rods alters their responses in two ways (Schwartz, 1975 a): when its neighbours are illuminated the response of a single rod is initially augmented nearly tenfold and then, after a delay, decreased. That receptors interact was initially surprising. The popular assumption had been that receptors operated independently. It was therefore of interest to explore the cellular mechanism of the interaction and to consider briefly how such interaction may alter the activity of rods.
METHODS
Preparation. The procedure used for stimulating and intracellular recording from retinal cells of the turtle, Chelydra 8erpentina, was the same as described previously (Schwartz, 1973a (Schwartz, , 1975a . Rods were penetrated in the receptor layer sclerad to horizontal cells and identified by their great sensitivity to large diameter spots of 500 nm light, their characteristic response shape and slow recovery following moderately intense illumination, and by their sensitivity over only a small area to a dim 25 jam spot. These properties have been previously established as characteristic of rods (Schwartz, 1973b) .
Light stimuli. All stimuli were flashes 20 msec in duration except when noted otherwise. Monochromatic light of 500 nm wave-length was obtained by inserting a narrow-band interference filter into the light path. The maximum irradiance transmitted to the retina was measured by a calibrated silicon photodiode placed at the normal location of the retina and converted to photons tm-2 flash-l by assuming all of the energy to be at 500 nm. The stimulus intensity was attenuated with a series of calibrated neutral density filters. The number of porphyropsin molecules effectively bleached in a single rod (abbreviated Rh*) was assumed to be equivalent to the number of photons impinging on 10 lm2 (see Schwartz, 1975a; Baylor & Hodgkin, 1973) .
Electrical recording. The absolute value of the membrane potential of impaled ELECTRICAL PROPERTIES OF A ROD SYNCYTIUM 381 cells was uncertain due to the unfavourable properties of the high resistance micropipettes (200-400 MCI) used. Therefore, all voltages were measured as a change from the membrane potential during darkness. Well penetrated rods produced maximum responses of 22-32 mV following a bright, large diameter flash. The signal-to-noise ratio of responses smaller than 4 mV was improved by repeating the stimulus at least thirty times and averaging with a special purpose computer. During the time necessary to acquire such information, it was necessary to insure that the state of adaptation and recording conditions remained constant. Data were accepted only if: membrane potential did not drift by more than 1 mV over the entire course of the experiment; and each set of responses could be divided into two equal parts and the mean of the first half of the responses did not differ significantly from that of the second half. The recording amplifier (modified from a design by Colburn & Schwartz, 1972 ) was capable of injecting a controlled current through the impaling pipette. The voltage produced within the pipette was proportional to the current, provided this was less than approximately +4 x Io0-u A. Only currents within this range were used. The voltage change produced within the impaled rod was obtained by balancing an active bridge circuit.
A special procedure was utilized for observing the time course of the conductance change accompanying the voltage response produced by illumination. The method allowed the voltage and conductance changes to be measured simultaneously and their time courses to be carefully compared. A sinusoidal current of 14 Hz was injected continuously into a rod. At intervals of exactly 257 half-cycles a light was flashed. Altogether the light was presented at least a hundred times. Because the light was presented following an odd number of half-cycles, the phase of the light and sinusoidal current changed 1800 at each presentation. Therefore summing all of the records preserved the average response to light but deleted the voltage produced by the sinusoidal current; summing all of the records with 0°phase and those with 1800 phase separately and then subtracting these two partial sums deleted the light-evoked voltage but preserved a modulated sinusoid. The amplitude of the sinusoid was proportional to the change in the apparent input resistance of the cell. Averaging improved the accuracy of the result. Extracellular perfusion. In several experiments the retina was superfused with an oxygenated normal or cobalt-rich Ringer solution. The composition of the normal Ringer fluid was (in mM): NaCl, 120; KC1, 2; CaCl2, 2; and of the Co2+-rich fluid (in mm): NaCl, 115; KC1, 2; and CoCl1, 5. The pH of both solutions was buffered to 7-7 + 0-05 with 2 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid).
Numerical analysis. Eqn. (1) was fitted to the data of Fig. 2 by the method of least squares to obtain eqn. (la).
The time course of the standard deviation, S.D., within a series of responses (utilized in Fig. 4 ) was obtained from data initially recorded on FM tape. Each response was passed through a fourth-order Butterworth, low-pass filter (3db. at 140 Hz) to minimize aliasing and then sampled at 320 Hz to generate 1024 equally spaced data points. The mean and the variance were calculated at each point. The change in the variance induced by the stimulus was obtained by subtracting from the total variance a constant component such that the variance at zero time (the moment at which the stimulus was presented) was zero. It was expected that the S.D.
(i.e. the square root of the alteration in the variance induced by the stimulus) would change on a time scale similar to the mean. However, in addition to a slowly varying component, the 1024 computed points contained some scatter due to inaccuracy resulting from the limited sample size. The slowly varying component could be obtained by digital filtering. A low-pass, non-recursive digital filter was constructed according to Rabiner & Gold (1975, p. 188) . The filter passed frequencies below 30 Hz.
Integration of eqns. (15) and (23) was performed by the Legendre-Gauss quadrature method.
RESULTS
The results can be divided into-three parts. First, several experiments which have been previously described are repeated and from the results additional conclusions drawn. The purpose of this part is to determine whether the response to a small or large spot better describes the events initiated by the absorption of light in outer segments. Second, the mechanism of enhancement is considered. In this part is developed an equivalent circuit. Third, the mechanism of disenhancement is considered.
Time course of the voltage change following a flash The shape of the voltage response produced in a rod depends upon the area of illumination (Schwartz, 1973b (Schwartz, , 1975a . In Fig. 1 are shown responses to bright lights covering either a small or large area. Both spots delivered the same number of photons to the impaled rod but very different numbers of photons to neighbouring rods. It is obvious that a large spot produced a large initial transient. A second observation, which becomes apparent with bright stimuli, is that following this early transient the voltage produced by a large spot can become for a short time less than the voltage produced by a small spot. This second observation is relatively important for it implies that when neighbouring rods were illuminated an active process was initiated which reduced the voltage after a delay. That is, the response to small and large spots differ, in part, by the appearance of an active process during the plateau phase of the response to a large spot.
Analysis of the mechanisms whereby a large spot increases the amplitude and distorts the time course of the voltage change can be continued by studying responses produced by dim stimuli. For these conditions responses are proportional to intensity; and consequently, responses produced by slightly different stimulus situations are easily compared. The effect of each photon absorbed from a small diameter, dim spot is additive (Schwartz, 1975a) . It will be useful to have the time course of the hyperpolarization initiated by the absorption of one photon. The average response produced by a dim, 100 ,sm, spot was determined in seven rods and is shown in Fig. 2 Responses produced at several dim intensities by a small spot all had the same shape (indicated in Fig. 2 ) and were proportional to light intensity up to approximately 6 photons /Um2 (Schwartz, 1975a) . In contrast, responses produced at several dim intensities by a large spot systematically varied in shape. The situation is illustrated in Fig. 3 where the average responses to four intensities of a large spot are superimposed. In each trace the voltage has been divided by the intensity of the associated stimulus. The dashed line is the solution of eqn. (1 a) with A, = -186 1V(Rh*)-l. All four normalized responses agree with the theoretical curve during their onset. The response produced by the dimmest light (trace 1) was very close to the theoretical curve during its entire time course. When the intensity was increased (as in trace labelled 2) the voltage during the recovery phase became less than that predicted by the theoretical curve. Further increases in intensity (traces labelled 4 and 8) produced larger deviations. In short, at very dim intensities the response was very nearly that described by eqn. (la); increasing the intensity produced a deviation which decreased the voltage following the peak amplitude. The brightest light in Fig. 3 (6) Hence, writing 8(t) for (var U(t))i 8(t1) = 1 U(t1) (7 The right side of the last equation is a constant independent of t,; and, therefore, the last equation is true for all values of t. For a response which is determined by contributions from several outer segments the right side of this equation is replaced by a weighted sum which is, however, still independent of time. Therefore the ratio of the S.D. to the mean is a constant if responses are determined by only a single process in each of the interacting rods. The S.D. produced by dim, small and large spots has been studied previously (Schwartz, 1975a) . The early measurements were, however, rather noisy. It has since been possible to improve the analysis and to obtain additional information by digitally filtering the computed variance (see Methods). With the filtered data it is possible to compare the time course of the S.D. to that of the mean (Fig. 4) . The time courses of the mean and S.D. produced by a small spot ( Fig. 4A ) are similar. The implication is that the fluctuations in the response to a small spot is determined by only a single random process, the absorption of light in outer segments. The situation is quite different for the responses produced by a large spot.
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The time courses of the mean and S.D. produced by a large spot (Fig. 4B) are not similar. Hence, in addition to the effect of light in the outer segments some other process must occur during the response to a large spot.
Results similar to those shown in Fig. 4 were obtained from four rods. These observations tend to confirm the use of the response produced by a small spot to describe the events following the absorption of light in an outer segment. The results also indicate that when many rods are illuminated an additional process becomes apparent after an initial delay. The nature of this late process will be considered, beginning on p. 399. But first, the question of how rods intereact to increase the amplitude of their responses as the diameter of a spot is enlarged will be considered in detail. Interaction is by electrical junctions The interaction between rods may be considered a priori as being mediated by either chemical or electrical synapses. To distinguish between these two possibilities the effects of Co2+ were studied on the responses of rods and horizontal cells. Chemical synapses require extracellular calcium for the secretion of transmitter (Katz & Miledi, 1965) . Extracellular cobalt is a potent antagonist of the effect of calcium (Weakly, 1973) . Electrical synapses, in contrast, are insensitive to changes in the extracellular divalent ion composition (Oliveira-Castro & Loewenstein, 1971) . Therefore an effect of Co+2 can be used to differentiate between chemical and electrical synapses.
A retina was initially superfused with normal Ringer; a cell was impaled; and, after a control period, the Ringer was changed to Co+2-Ringer. In Fig. 5A Cervetto & Picollino (1974) . The effect of C02+ is consistent with blockade of a chemical synapse between receptors and horizontal cells. The lower record of Fig. 5A is the result of a similar experiment performed on a rod. In contrast to the effect on horizontal cells, Co2+ had no effect on the responses of rods. In Fig. 5 B and C are shown rod responses after 30 min superfusion with C02+: B is the response to a small spot; and C is the response to a large spot. The two responses differ in a way which is also characteristic of the difference between a small and a large spot in normal Ringer (compare with Fig. 1 ,UV photonn' 1Im2, the anniihis produced 9-2 x 10' 1V photon-' Em2. (Baylor & Hodgkin, 1973 (9)
The circuit of Fig. 7A can be simplified if only the responses produced by dim flashes are considered. At dim intensities the light-sensitive conductance, g9, is changed by only a few per cent. In this situation a variable g9 may be replaced by a fixed gi and a parallel current source, i, which injects a current proportional to eqn. (1 a). Since this current produces a hyperpolarization, it is negative. Because the time course of the injected current is slow, the capacitance, C, can be neglected. Therefore, for very dim lights the circuit of Fig. 7A may be replaced by that of Fig. 7 B.
Because rods are connected by electrical junctions, each rod also possesses a conductance gc which couples it to neighbouring rods. Including this conductance results in the equivalent circuit of Fig. 7C in which rods form an electrically connected syncytium. If the distance over which rods interact is large compared to their diameters, then the conductances of Fig. 7C may be considered to be continuously distributed. The circuit is then identical to that of a thin, two-dimensional slab where the conductance within the plane of the slab is gc and the conductance across a unit of surface is gm. The steady-state voltage, W, in a thin slab as a ELECTRICAL PROPERTIES OF A ROD SYNCYTIUM 391 function of the distance from a point at which current is injected is given by Minor & Maksimov (1969) and Eisenberg & Johnson (1970) (see also Naka & Rushton, 1967) (10) gives the voltage in one rod at a distance x from another rod into which current is injected. It fails, however, when the voltage is calculated at the site of injection. The failure derives from taking as a model for the rod syncytium a uniform slab rather than a discrete network. The failure can be remedied by truncating eqn. (10) at the surface of the rod into which current is injected, i.e.
where r is the radius of the impaled rod. The upper line of eqn. (13) gives the voltage produced in the rod into which current is injected. The lower line gives the voltage in neighbouring rods.
Area of interaction
Eqn. (13) can be used to predict how current spreads within the syncytium providing A can be measured. An estimate of A can be obtained by determining the manner in which the amplitude of a response changes as the diameter of a spot is increased.
Following dim illumination each outer segment injects into the syncytium a current proportional to the light it absorbs. The actual light which reaches an outer segment, denoted P, is altered by scatter within the retina. P is given by the convolution of a function 8(1, x) describing the image as a circle of radius v centered at a distance x from the illuminated rod and a function n(o) describing the scatter from each point of the image as a Gaussian function with a space coefficient ao (see Schwartz, 1973b , for an experimental test of this description; see Masters, 1955 , for a derivation and tables of the P function). pQ, i) = 8(T, x) * n(o) =Je(e+V)/2TI2 Yx dy- (14) Io is a modified Bessel function of the first kind of zero order. Each outer segment absorbs a quantity of light proportional to eqn. (14) and injects a current into the syncytium which decrements according to eqn. (13) 
gm This is exactly the result obtained from the circuit of Fig. 7B . That is, eqn. (15) correctly predicts that when the stimulus becomes large the circuit of Fig. 7C can be simplified to that of Fig. 7 B. When a retina is illuminated by a large diameter spot, all rods produce the same response and are isopotential at all times. Consequently, during the response to a large spot there can be no intercellular spread of current. Since no current flows across ge, these conductances can be removed leaving the circuit of Fig. 7 B. In contrast, when a retina is illuminated by a small diameter spot, current spreads from the illuminated rods to neighbouring peripheral rods.
The amplitude of a response produced by a dim flash increases with stimulus diameter. If the scaled amplitude, Af, is normalized by its maximum value and plotted as a function of spot diameter, the results of Fig. 8 are obtained. In A the data are plotted along linear co-ordinates. In B the data have been re-plotted along log-log co-ordinates. The results may be compared with eqn. (15) for varying values of A. The continuous lines in Fig. 8 are the solutions of eqn. (15) for A = 65 sum; A characterizes the extent of spatial interaction. It is an important parameter which will be used in the subsequent analysis.
The dashed, straight line in Fig. 8B has a slope of 1-89. This is very near the value 2 which would occur if responses produced by spots of constant irradiance were proportional to the area of illumination. Therefore, for spots smaller than approximately 150 ,um diameter, the response in an impaled rod was very nearly proportional to the total light incident on the retina.
Electrical coupling appears to be completely capable of predicting the enhancement which occurs when a small spot of constant irradiance is increased in diameter. The very large extent of interaction is, none the less, surprising. In order for current to spread extensively within a syncytium the conductance across the surface of the syncytium must be very low compared to the coupling conductance between cells. The membrane conductance rods will be shown to be very low. Limitation of experiments utilizing extrinsic current to measure membrane conductance Conductance measurements are frequently made by measuring the voltage produced when a known current is injected into a cell. This technique has a limited usefulness in the study of rods. The difficulty is that the voltage produced when current is injected at one point into a syncytium is not related by Ohm's Law to the membrane conductance of a single cell. Current injected through an intracellular micropipette flows across the surface membrane of both the impaled rod and neighbouring rods. The voltage produced is given by eqn. (13a) which depends upon both the membrane conductance and the coupling conductance. The Fig. 9 . Measurement of the apparent input resistance during dark and during a prolonged step of light. A is the response to a 1000 jcsm diameter spot which delivered 260 photons /sm-' sec-'. In B are superimposed three traces. In each trace first a depolarizing current of 3-2 x 10-1A and then an equal hyperpolarizing current has passed through the impaling pipette and the voltage produced in the rod observed by balancing a bridge circuit. Each trace is the average of 100 pairs of current pulses. Trace a is the record during darkness; b is the record during the maintained polarization produced by light; c is the record after the pipette was withdrawn from the rod. See text for discussion.
problem is illustrated, in part, by calculations derived from the experiment of Fig. 9 .
A large spot of moderate intensity when applied for a long duration produced an initial hyperpolarization which declined to a smaller maintained voltage (Fig. 9A) . The apparent, steady-state conductance change produced by illumination may be approximately determined by measuring the difference in the voltage produced by an injected current during darkness and during constant light. Both depolarizing and hyperpolarizing current pulses were used to insure that the micropipette did not rectify during current passage. In Fig. 9B trace a is the response during darkness to first a depolarizing and then a hyperpolarizing current of 3-2 x 10-11 A; trace b is the response to the same currents during the maintained hyperpolarization produced by illumination (as in part A); trace c is the response when the pipette was withdrawn from the cell. The difference between a and c is 3 0 mV and between b and c it is 2-6 mV. The voltage produced by the injected current was reduced in this case approximately 14 %. The membrane conductance change associated with this difference may be estimated from eqn. (13 a There are, nonetheless, three ways to estimate the total membrane conductance during darkness. The first uses the apparent input conductance measured with an intracellular micropipette and the amplitudes of responses produced by a small and large spot. A large spot injects the same current into all rods and their response is determined by the membrane conductance (equivalent circuit of Fig. 7 B) . Both a small spot and an intracellular micropipette inject current into ideally only one rod. This current spreads to neighbouring rods and produces a response which is smaller than if current were injected uniformly (as predicted by the equivalent circuit of Fig. 7C ). If the current injected from a pipette or by light spread within the network in the same way, then the ratio of the apparent input conductance and the membrane conductance should be equal to the ratio of the amplitude produced by a small spot to that produced by a large spot. Enlarging a dim, 25 jsm spot increased the amplitude by a factor of 35-7 (Fig. 8) . After correcting for the decrease of light intensity at the centre of a 25 ,um diameter spot due to loss by scatter within the retina (see Schwartz, 1973b) , this difference becomes approximately 9-6. Dividing the apparent input conductance observed in Fig. 9 , i.e. 32 pA/3 mV = 1-1 x 10-mho, by the factor 9-6 yields for the membrane conductance of a single cell the value 1 x 10-9 mho.
A second method is to estimate the fixed conductance and to relate this to the total membrane conductance. The fixed conductance, gf, can be estimated as follows. From the equivalent circuit of Fig. 7A , it is readily seen that if gl is suddenly closed and if the time-dependent conductance, gvt, is not allowed a sufficient time to assume a new value, gvt = 0, then the voltage will change with a time constant r, i.e.,
where C is the membrane capacitance. The solution to this differential equation is
A very bright, large diameter spot can be used to close gi. An example of this experiment is shown in Fig. 10 . The upper trace is the output of a photocell used to detect the timing of the light which was a stroboscopic flash delivering 106 effectively absorbable photons in less than 1 msec. The lower trace is the response of a rod. The onset of the hyperpolarizing response commenced a few milliseconds following the flash. The delay was 398 E. A. SCHWARTZ presumably the time during which occurred the initial events of phototransduction which precede the alteration of membrane conductance. In the lower part of Fig. 10 is plotted the left side of eqn. (19) as ordinate against time as abscissa. The straight line fit to the maximum rate of change yields an estimate of X = 9 msec (the range in the estimate of X for six cells was 85-12 msec). Increasing the light intensity did decrease slightly the initial delay. However, the estimate for X was unchanged. Therefore the maximum rate of voltage change was not determined by the light intensity but was limited by the passive electrical properties of the is the output of a photocell used to detect the timing of the flash. After a brief delay, the rod quickly hyperpolarized to a maximum value (lower trace). B, the left side of eqn. (19) is plotted as ordinate against time as abscissa. After a delay the points can be fitted by a straight line indicating an exponential time course for the response. The reciprocal of the slope of the line yields an estimate for or of 9 msec.
--ELECTRICAL PROPERTIES OF A ROD SYNCYTIUM 399 surface membrane. If a rod is regarded as a cylinder 8 jum in diameter and 35 jum long, its surface area would be 9*8 x 10-3 cm2. Assuming a specific capacitance of 1 ,sF cm-2, then the light insensitive conductance, gf, is 1 x 10-9 mho. When this value is used in eqns. (8) and (9), the total membrane conductance in darkness is calculated to be 2 x 10-9 mho.
A third method of estimating the membrane conductance uses the voltage response to one photon and the associated charge transfer. During the response to one photon, gm may be assumed constant. Applying Ohm's Law to the circuit of Fig. 7 With A1 equal to -290 1tV(Rh*)-l and tmx equal to 510 msec (average values for thirty-eight cells), the integral of the voltage has the value -4 09 x 10-V sec. The total charge transferred is not known for turtle rods but has been estimated for another cold-blooded vertebrate, the frog. The value is 107 Na+ ions (Korenbrot & Cone, 1972) . Using this value for the charge transferred and dividing by the integral of the voltage yields an approximate value of 4 x 10-9 mho for the total membrane conductance of one rod.
Each of these three estimates is prone to serious inaccuracies. The reliability of the third method is in particular rather uncertain as it requires an estimate of the total charge transfer produced by one photon which has been only very approximately measured. Nonetheless, all three estimates are in reasonable agreement and together indicate that the membrane conductance during darkness is very small. A value of 1-2 x 10-9 mho appears to be reasonable. Fig. 11 . Simultaneous measurement of the time course of the voltage and resistance changes. The method of measurement is described in Methods. Data were obtained from seventy pairs of responses. The voltage produced during darkness by the injected current was nulled by a bridge circuit with a complex impedance. The upper trace is the voltage response. The lower trace is a modulated sine wave which broadens for a change in the apparent resistance. The time course of the resistance change is indicated by the envelope of the trace and is predominantly a decrease which reaches a maximum after the maximum voltage change. The amplitude of the sinusoidal current was + 4 0 x 10-1"A. The small ripple in the voltage trace is a residual second harmonic produced by a slight asymmetry in the voltage evoked by the injected current. The voltage response is approximately a third of maximum and thus larger than that for which peak voltage is proportional to light intensity. It can be seen that in this case the conductance increase comnmences before the peak voltage is reached.
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Although conductance measurements performed in the intact retina by injecting extrinsic current through a micropipette do not give a reliable estimate of the magnitude of the membrane conductance change, it is none the less possible to obtain the following useful result. Simultaneous measurement of the time course of the voltage and conductance changes were made as described in Methods, and an example is shown in Fig. 11 . The upper trace is the voltage response. The lower trace is a modulated sine wave which broadens for a change in apparent resistance. The envelope of the trace is the time course of the resistance change. The time courses of the voltage and resistance changes are different. The resistance change is a net decrease which reaches a maximum after the maximum voltage change. Consequently the voltage must be determined by an alteration of at least two conductance mechanisms which pursue somewhat different time courses. If light decreases the conductance of the outer segment (Hagins, Penn & Yoshikami, 1970; Korenbrot & Cone, 1972) and the total conductance increases, then it is necessary to believe that a large spot decreases the conductance of each outer segment and activates an additional conductance increase.
The driving force for a voltage and time-dependent conductance The driving force, Evt, for a second conductance mechanism can be estimated from the equivalent circuit of Fig. 7A 
DISCUSSION
The mechanism of enhancement and disenhancement The interaction between rods can be separated into two components which have been termed 'enhancement' and 'disenhancement' (Schwartz, 1975a (Fig. 5) . They also have a very low membrane conductance (p. 397) . Consequently when only one rod is illuminated current flows from the outer segment into the inner segment of the illuminated rod and then flows into neighbouring inner segments. Electrical coupling thus distributes the current into the inner segment of many rods. The situation is quite different, however, for uniform illumination. In this situation, each rod is surrounded by neighbours which produce the same response. During uniform illumination there is no voltage difference across the coupling conductances and no current flows into neighbouring cells. Therefore in this situation all of the current injected by each outer segment flows across the membrane of only the associated inner segment and the voltage produced is larger than when only one rod is illuminated. The difference is termed enhancement.
Disenhancement
How does the coupling between rods modify the shape of their responses to light? When only a single rod is illuminated, a small fraction of the current crosses the surface membrane of the inner segment of the illuminated rod; a large fraction flows into neighbouring inner segments. Consequently, for this situation, the apparent input impedance may be regarded as a small membrane conductance in parallel with a large coupling conductance. Since a change in the membrane conductance would hardly affect the parallel combination, the response produced by a small spot is relatively insensitive to a change in the membrane conductance. In contrast, during the response to a large spot no current flows between neighbouring rods. Hence in this situation rods behave as though they were not coupled and electrical connexions between them can, for a moment, be disregarded. Consequently, a change in the membrane conductance can have a large effect during the response to a large spot. The result of Fig. 11 demonstrates a conductance increase which reaches a maximum after the maximum voltage. The increase is attributed to a voltage and time-dependent conductance which at dim intensities alters the response following the peak voltage. Because of coupling the effect of a voltage and time-dependent conductance which at dim intensities alters tho response to a large spot and is inapparent during the response to a small spot. The reduction in the voltage which it produces is termed disenhancement.
The experiments described in this and a previous paper (Schwartz, 1975a) are clearly consistent with the view that disenhancement is the result of a slowly developing, voltage-dependent conductance increase with a driving force near the dark membrane potential. Although the evidence is partly indirect, the hypothesis provides a satisfactory explanation of several observations which cannot easily be reconciled otherwise: the responses produced by large diameter spots deviate in the time course of their recovery at intensities too dim for significant photochemical adaptation (Fig. 3) ; the hyperpolarization produced by a bright, large diameter spot can be for a short time after the peak voltage less than the hyperpolarization produced by a small diameter spot of equal intensity (Fig. 1) ; the failure of superposition observed in experiments utilizing double flashes (Schwartz, 1975a, Fig. 9 ) or steps of light (Schwartz, 1975 a, Fig. 7 ) is delayed till after the peak voltage; and the total conductance change is an increase which obtains a maximum after rather than coincident with the peak voltage (Fig. 11) . The hypothesis is, however, contrary to the conclusions of Werblin (1975) . Both this study and that of Werblin propose a voltage and time-dependent conductance increase during the response to light. But whereas Werblin proposes a regenerative event which would increase the voltage early in the response, the view presented here is of a degenerative event which decreases the voltage late in the response. Additional experiments may resolve the conflict.
Consequences of rod-rod interaction

Adaptation
The sensitivity of a rod is determined by several processes. Photochemical adaptation can occur in the outer segment in which light is absorbed. In addition, disenhancement can shunt the light-evoked current injected into the inner segment and reduce the associated voltage. Photochemical adaptation and disenhancement behave differently when the area of illumination is varied. Photochemical adaptation in an outer segment reduces the responsiveness of the rod in which light is absorbed; whereas disenhancement requires the simultaneous activity of many rods and consequently regulates sensitivity according to the average light intensity over a large retinal area.
The effects of disenhancement are likely to be rather important during low levels of ambient illumination. Flashes of small diameter spots produced responses which were linear for intensities up to 6 photons ,m-2 ( Fig. 2 and Schwartz, 1975a) . Flashes of large diameter spots produced a deviation attributed to disenhancement which was evident when the average intensity was 0 3 photons (Fig. 3) . Comparison of these effects indicates that under the conditions of the experiments disenhancement began to affect the responses of rods at an intensity that was twenty times dimmer than that required to produce a detectable amount of photochemical adaptation.
Detection at visual threshold
Because rods are coupled, a small spot produces a smaller voltage in each rod than if they were not coupled and behaved independently. The difference should not be taken to indicate that coupling decreases the sensitivity of rod vision. It actually may make little difference. Although the voltage is smaller, the following heuristic argument indicates that the amount of transmitter liberated may be the same. For very small signals the amount of transmitter liberated is likely to be proportional to the voltage of the synaptic membrane and the voltage in turn should be proportional to the membrane current. Thus with each little bit of current may be associated a quantity of transmitter. Since the total amount of current injected by one photon is the same whether rods are coupled or isolated, the total amount of transmitter liberated is the same in the two situations. The only difference is that the release of transmitter is distributed over several cells rather than all coming from one cell. A similar argument may be made for the fluctuations in the amount of transmitter released. Thus coupling is not expected to change either the mean quantity or fluctuations in the quantity of transmitter released when one photon is absorbed. It will, however, determine whether the transmitter is released from one cell or over an area which includes many cells. This may have some importance for the way in which rods co-ordinate the activity of bipolar cells.
Resolution of visual stimuli
Extensive electrical coupling between rods may be expected to have a deleterious effect on spatial resolution. It certainly does, but perhaps not as much as may initially be expected. In the absence of electrical coupling the distribution of the voltage is determined by the distribution of the light reaching the receptors. For a point of illumination the distribution due to light scatter within the retina is Gaussian and U(x, oa) = Ce-x'I20. Fig. 12 
Coniluaion
The membrane conductance of each rod is very low; the coupling conductance between rods is relatively high. Hence current injected into an individual rod readily flows into neighbouring rods. That is, rods behave as a syncytium. They, therefore, cannot be considered as individuals. Rather, they must be considered as an interacting group. A result of interaction is that a voltage and time-dependent conductance increase reduces the voltage only during the illumination of many rods. 
